Introduction
Immobilization of cells in a hydrogel network allows the selective culture of a microorganism of interest while facilitating sufficient transport and diffusion of essential nutrients, dissolved oxygen, and extracellular metabolic products across the hydrogel matrix [1] . As such, hydrogel media in which cells are immobilized have been extensively used in the fields of environmental, chemical, and biomedical processes for removal of pollutants [2] [3] [4] (organics, nutrients, etc.) as well as for production of commercial compounds [5] [6] [7] [8] , biofuels [9] , and pharmaceuticals [10, 11] .
One of the successful applications of cell-immobilizing hydrogel medium is the entrapment of quorum quenching (QQ) bacteria in a polymeric composite hydrogel (QQ medium). Such QQ bacteria-entrapping hydrogel media have been prepared and reported to inhibit quorum sensing (QS)-induced biofilm formation, and thus mitigate membrane biofouling in a membrane bioreactor (MBR) for wastewater treatment [12] [13] [14] [15] . The technology for quenching QS signal molecules in an MBR, known as QQ MBR, has evolved since 2009 from fundamental lab-scale studies [16] [17] [18] ] to a practical one, which assessed energy savings in a pilot-scale MBR when QQ media are applied [12] . In their study, the authors confirmed the antifouling property of QQ beads in a pilot plant MBR fed with real wastewater and analyzed energy savings based on the reduced aeration requirement in the membrane tank by QQ beads. They reported that the reduction in the biofouling-related energy reached approximately 60% by the addition of QQ media. More recent studies have focused on the preparation of various types of mobile QQ media and explored the effect of their geometry on the fouling mitigation performance in an MBR [20, 22] . Lee et al. [13] have reported an autoinducer-2 (furanosyl borate diester) QQ via a farnesol-producing fungus, Candida albicans, for inhibition of biofouling induced by AI-2 QS. Although the results from the above series of recent studies illuminate that research on QQ-MBR has already crossed the borders between laboratory and field, the economic aspects of QQ media have been neglected in their studies. In order to bring current QQ technology closer to practice, however, it would be required not only to enhance the physical strength and entrapped cell viability of the QQ media, but also to improve methods of storage and transport of QQ media.
In this study, enforcement of physical strength as well as extension of the lifetime of a previously reported QQ bacteria entrapping hollow cylinder (QQ-HC) [14] was sought by adding a dehydration procedure following the cross-linking of the polymeric hydrogel by inorganic compounds like Ca 2 + and boric acid. Such prepared medium was characterized in terms of physical strength, QQ activity, shelf-life, and cell viability of QQ bacteria. Lastly, the practical implications of our findings regarding storage, transportation, and application of QQ media are also discussed.
Material and Methods

Preparation of Hydrogel Media
QQ-HCs were prepared as described in the previous study [14] . Rhodococcus sp. BH4 was used as the QQ bacterium because its biofouling control performance has been numerously confirmed in previous studies [12, 14, 15, [19] [20] [21] [22] [23] [24] [25] [26] . Hollow cylindrical media with QQ bacteria (i.e., QQ-HC) and without QQ bacteria (i.e., vacant-HC) were prepared from a mixture of polyvinyl alcohol and sodium alginate. For a QQ-HC, an aliquot amount of BH4 was added to the polymeric mixture so that the final concentration of BH4 was 7 mg (by dry weight) per gram of QQ-HC (by dry weight). For the vacant-HC, an equivalent volume of deionized (DI) water was added to the polymeric mixture instead of BH4. Cross-linking of the polymer mixture was done by extruding it through a nozzle into a CaCl 2 and boric acid solution followed by the second cross-linking in sodium sulfate solution. Media were cut into 2 cm pieces for QQ activity analysis and MBR operation.
Boric acid is known to be one of the main components of AI-2. However, it was replaced by sulfate ion in the second crosslinking step and the QQ media were thoroughly washed with DI water, so the effect of boric acid on AI-2 QS in the MBR is assumed to be negligible.
Prepared media were either dehydrated in an anhydrous magnesium sulfate-containing airlock container in a 30°C oven or kept hydrated in 0.9% NaCl solution. Both dehydrated and hydrated media were stored in a 4°C refrigerator until further analysis. Prior to analysis, the stored dehydrated media were immersed in either 0.9% NaCl solution or Luria-Bertani (LB) broth and then placed in a 30°C incubator for 7 h. Dehydrated media were denoted as D-HC. QQ-HCs kept hydrated in 0.9% NaCl were also placed in a 30°C incubator for 7 h prior to analysis and denoted as S-HC.
Reactivation with real wastewater was proceeded as follows. Wastewaters were filtered through a 0.45 µm syringe filter prior and D-HCs were immersed in the conical tube containing the wastewater. The reactivation was performed in a shaking incubator at 30°C for 24 h. The two types of wastewater tested were the feed for the municipal wastewater treatment plant (Korea) and cafeteria wastewater from Seoul National University (Korea). The COD values for the municipal wastewater treatment plant feed and cafeteria wastewater were 76 ± 1 and 581 ± 4 mg/l respectively.
Measurement of QQ Activity of QQ Media and Biological Stability
The QQ activity of the prepared media was analyzed by measuring the degradation rate of commercially available QS signal molecule, N-octanoyl-DL-homoserine lactone (C8-HSL). C8-HSL was used as the model QS signal molecule in this experiment because it was previously reported to be one of the major QS signal molecules in an MBR [16] . A total of 10 pieces of each type of medium (~1.1 g), which corresponds to approximately 8 mg of BH4, were added to a conical tube containing 20 ml of 1 µM C8-HSL (Sigma-Aldrich, USA) dissolved in 20 mM phosphate buffer at pH 7. The mixture was placed on an orbital shaker at 70 rpm and 25 o C and reacted for 60 min. Then, 0.5 ml of the solution was sampled, followed by filtration using a 0.45 µm syringe filter and immersion in a 100 o C water bath for 15 min. The quantification of C8-HSL was performed by using the reporter strain A. tumefaciens A136, as described in the previous study [14] . In detail, the reporter strain A. tumefaciens A136 and samples were mixed and loaded into a 96-well plate and the plate was incubated at 30 o C for 90 min. Subsequently, a Beta-Glo Assay System (Promega, USA) was added to the wells and the plate was stored at 25 o C for 30 min. The luminescence intensity in the wells was measured by a luminometer (Synergy 2; Bio-Tek, USA) and the C8-HSL concentration was determined by plotting the calibration curve of standard C8-HSL. The QQ activity was calculated by computing the number of moles of C8-HSL degraded per minute, over a period of 60 min.
The biological stability of the QQ-HCs was assessed by periodically measuring the QQ activities of used QQ-HCs during the MBR operation. The measurement of QQ activity was performed as described above.
Measurement of Tensile Strength and Physical Stability
The texture analyzer CT3 4500 (Brookfield, USA) with a TA-DGA probe was used to measure the tensile strength of prepared vacant-HCs. The tensile strength in this study was defined as the work (mJ) required to pull a vacant-HC by 10 cm at an elongation speed of 10 mm/s. The initial length of a vacant HC was 4 cm and it was elongated to 14 cm, which resulted in 250% elongation. Six independent samples of each type of media were used for the measurement, and no rupture occurred during the elongation process.
The physical stability of the HC media was assessed by measuring the average wet weight of a medium during the MBR operation and comparing the values with the initial one. The wet weight of each of 10 QQ-HCs was obtained after removing excess water on the surface of the medium, and their average value, termed as the unit mass, was considered for analyzing the physical stability.
Determination of Gel Fraction
The gel fraction is an indirect measure of the degree of crosslinking in a hydrogel [27, 28] . The gel fraction before and after the dehydration procedure was determined as follows. The wet weight (W w ) of a vacant medium was measured after removing excess water on the surface by patting the medium with lintless dry fabric. The medium was dried in an oven at 60°C until there was no further change in the weight to obtain its dry weight (W d ).
The gel fraction was calculated by the following Eq. (1).
Eq. (1)
Image Analysis of QQ Media
For observation of cross-sections of the media by scanning electron microscopy (SEM; JSM-6701F; Jeol, Japan), the media were freeze-cut in liquefied nitrogen followed by freeze-drying at -50 o C and -6.7 kPa. Analysis of the cell viability of QQ-HCs was performed by observing cross-sections of the media by confocal laser scanning microscopy (CLSM; SP8 X; Leica, Germany). Prepared media were stained with a LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, USA) prior to observation. Using the Leica LAS AF Lite software, green (live) and red (dead) fluorescence intensities from an image of a quadrant of a crosssection of five hollow cylinders for each type of QQ-HCs were computed for quantitative comparison of cell viability in the media.
MBR Operation
Two 3-L volume lab-scale MBRs were operated in parallel as shown in Fig. 1 and Table 1 . Activated sludge sampled from a real wastewater treatment plant (Tancheon, Korea) was inoculated to the reactors and acclimatized until operating parameters became stable. Synthetic wastewater was continuously fed into the reactors and the composition of the synthetic wastewater was as follows (all in mg/l) [19] reactor. The aeration intensity was kept constant at 2.0 l/min. Fouled membranes were taken out of the reactor and subjected to a chemical washing (1,000 ppm NaOCl, 3 h). The transmembrane pressure (TMP) in each reactor was monitored to estimate the degree of membrane fouling in each MBR. In addition, for comparison of the antifouling performance of the QQ media, the number of days for one TMP jump to occur (T T M P ) was considered. Mixed liquor suspended solids (MLSS) and chemical oxygen demand (COD) were measured according to standard methods [29] . The average floc size was measured using a particle size analyzer (Microtrac S3500, USA).
Results and Discussion
Comparison of Tensile Strength between S-HC and D-HC
The tensile strength, defined as the work required to elongate 4 cm of prepared vacant media by 10 cm, was measured with respect to dehydration time (0, 0.25, 0.5, 1, 3, 5, and 10 days), with the media of dehydration time at zero being S-HC. Media subjected to dehydration were reswelled prior to the measurement of tensile strength. A total of six independent samples were measured for physical strength analysis at each dehydration time given above, and their averages and standard deviations are plotted in Fig. 2 . The physical strength (i.e., tensile strength) trended upward over dehydration time. There was a rapid rise in physical strength over the first day and it gradually leveled off as the dehydration time was continued until the 10 t h day. Since the slope of the plot was abruptly lowered after day 1, it was speculated that the dehydration time of 1 day would be the most efficient. Hence, D-HCs dehydrated for 1 day were used in following experiments.
The increase in physical strength of the hydrogel after dehydration might be attributed to the enhanced physical cross-linking through hydrogen bonding between polymer chains and/or increase of the crystalline region. The gel fraction (GF) is reported to be related to the degree of cross-linking in a hydrogel [27, 28] . The GF of HC that was not subjected to dehydration (S-HC) was 6.7 (± 0.2)%, whereas that of HC subjected to dehydration and subsequent re-swelling (D-HC) was 16.6 (± 0.7). Consequently, an increase of the degree of cross-linking in D-HC may have elevated its physical strength. Furthermore, as shown in the SEM images of cross-sections of S-HC (Fig. 3A) and D-HC (Fig. 3B) , the hydrogel shrank significantly in its volume upon dehydration and re-swelling. When the inner structure of S-HC (Fig. 3A' ) and D-HC (Fig. 3B') is observed more closely, a denser inner structure is evidenced in the cross-section of D-HC than that of S-HC. The densification of the inner structure may also support the increased degree of cross-linking in the hydrogel through the dehydration process.
Effect of Storage Method on QQ Activity of QQ Media
Exposure to desiccation could impose an adverse effect on a bacterium's viability. It is reported that gram-positive bacteria, including the QQ bacterium Rhodococcus sp. BH4 in this study, tend to be the most desiccation tolerant [30] . Fig. 2 . Measurement of tensile strength, represented as the work required to elongate 4 cm of a vacant medium by 10 cm (250% elongation) with respect to dehydration time.
All samples were re-swelled prior to measurement. Error bar: standard deviation (n = 6). Nevertheless, loss of water may augment the intracellular solute concentration and osmotic pressure within the cell, which can cause cell death [31] , and thus, significant loss of QQ activity of the QQ media might occur. Therefore, it was crucial to investigate the dependence of the QQ activity of QQ media on their storage methods, whether they are kept dehydrated or hydrated. Fig. S1 shows the QQ activities of QQ-HCs depending on their storage methods, in saline water (S-HC) or in a dehydrated state (D-HC). There was a notable loss of the QQ activity (approximately 23%) in D-HC, but upon reactivation with LB broth (reactivated D-HC), the activity was recovered close to the QQ activity of S-HC. The loss of QQ activity from dehydration could be attributed to either the partial loss of cell viability during the dehydration process or the reduced mass transfer resulting from reduced porosity of the hydrogel network or the combination of the two cases. Thus, the reactivation of QQ-HCs with LB broth may have increased the number of viable cells and/or enabled the recovery of the dormant QQ activity to a greater degree than the reduction of QQ activity due to the reduced porosity.
Long-Term Monitoring of QQ Activity of QQ Media
Dehydration of QQ media will certainly offer a more efficient way of storing the cell-entrapping hydrogel, because the shape and activity of hydrogel media are preserved even after dehydrating and re-swelling. In addition, drying cells makes them less susceptible to microbial contamination [31] . Furthermore, the reduced weight of dehydrated media makes handling and transportation highly convenient and economical. Thus, it is important to check the shelf-life of D-HCs (i.e., whether the QQ activity of a QQ medium is well preserved during long-term storage under dehydrated condition).
To assess the shelf-life of QQ media, a total of six batches of QQ bacteria-entrapping S-HCs and 12 batches of QQ bacteria-entrapping D-HCs were prepared. Each batch contained 10 pieces of QQ media and they were subjected to QQ activity measurement at a time point during 200 days of storage. Prior to the activity test for each batch, the stored D-HCs for a given time were immersed in either 0.9% NaCl solution (D-HC) or LB broth (reactivated LB) and placed in a 30°C incubator for 7 h. QQ-HCs kept hydrated in 0.9% NaCl (S-HC) were also placed in a 30°C incubator for 7 h prior to analysis. Resulting QQ activity (i.e., the number of moles of C8-HSL degraded per minute over a period of 60 min) for each batch is plotted in Fig. 4 .
Initially, S-HCs showed greater QQ activity than D-HCs, which coincides with the result from the previous section. However, the QQ activity of S-HCs was monotonically decreased with respect to the storage time, while that of DHCs was maintained at a relatively constant value during 200 days of storage. It was interesting to note that sometime between storage days 90 and 200, the QQ activity of S-HCs fell below that of D-HCs. This suggests that if the storage time is expected to last over 90 days, it could be more beneficial to keep QQ media dehydrated. In addition, upon reactivating D-HCs with LB broth, the QQ activities were recovered to their initial values. Although the reduced QQ activity of D-HCs was demonstrated to be restorable through reactivation with nutrients, a continual reduction in QQ activity of S-HCs may imply a steady decline in viability of QQ bacteria, which could lead to a permanent loss of QQ activity if the storage time is prolonged. In order to correlate the QQ activity result with cell viability, the ratio of green (SYTO 9) and red (propidium iodide) fluorescence intensity in the QQ media was analyzed.
Analysis of Cell Viability after Long-Term Storage of QQ Media
To analyze how storing QQ media under dehydrated condition would affect cell viability, QQ media after 200 days of storage were stained with a LIVE/DEAD BacLight Bacterial Viability Kit, and their cross-section was observed through CLSM. A total of six independent samples per type of QQ medium were subjected to observation and resulting images are shown in Fig. S2 . The estimation of cell viability was performed with Leica LAS AF Lite software. Table S1 lists Cell viability is determined by taking the ratio between green and red fluorescent intensities, as plotted in Fig. 5 . Although the green fluorescence from SYTO 9 dye is not exactly equal to the amount of live cells, numerous previous studies used the dye to indicate viable cells [32] [33] [34] [35] . Hence, it was assumed in this study that the ratio of green to red fluorescence intensities could serve as an indirect measure of cell viability.
It is notable that cell viability was higher in D-HCs (5.3 ± 0.4) than in S-HCs (2.6 ± 0.4). It was reported that cells under low water condition drastically reduce their metabolic activity and tend to survive for a longer period than cells under water-rich condition [31] . Our result also suggests that the QQ bacterium, Rhodococcus sp. BH4, in its dehydrated state, was more capable of surviving than when it was in a hydrated state. It seems that BH4 (QQ bacteria) is capable of sustaining its activity under a dehydration state, possibly through adjusting its metabolism to such condition. However, a fundamental level study should be carried out to accurately interpret the bettermaintained cell viability of BH4 under dehydrated condition.
In summary, the higher QQ activity of D-HCs than that of S-HCs is likely to be attributed to the greater cell viability of D-HCs. The addition of a dehydration step after the ionic cross-liking procedure in the preparation of QQ bacteria-entrapping hydrogel not only enhanced it physically but also increased the QQ medium's shelf-life by improving cell viability.
Comparison of Biofouling Mitigation between S-HC and D-HC in MBR
To test how the addition of a dehydration step in the preparation of QQ media would improve their performance in mitigating biofouling in an MBR, hydrated QQ-HCs (SHCs) and dehydrated QQ-HC (D-HCs) were inserted in each of two lab-scale MBRs and the extent of membrane fouling (i.e., transmembrane pressure) in each MBR was monitored. D-HCs were reactivated with LB broth for 7 h at 30°C prior to application to set the initial QQ activities of the two types of QQ-HC at a similar level. A total of 216 pieces of each of S-HCs and D-HCs, which correspond to approximately 1.0% and 0.56% (v/v -volume of media/ volume of reactor), respectively, were used.
The TMP profiles from the two MBRs operated in parallel for over 75 days are shown in Fig. 6A . The numbers of days The green (SYTO 9) and red (propidium iodide) fluorescence intensities were obtained from six independent samples, which were kept in storage for 200 days. Error bar: standard deviation (n = 6). It is worth noting that the operating parameters, such as MLSS and COD removal, were maintained within an acceptable range, and particle size did not show a notable difference in the two MBRs throughout the operation (Fig. S3) . Hence, it was suspected that the reason for the exacerbation of fouling in the MBR with S-HC is due to a diminished fouling control ability of S-HC.
Comparison of Physical and Biological Stabilities between S-HC and D-HC
To investigate the reasons why the dehydrated QQ media (D-HCs) maintained their QQ activity longer than the hydrated QQ media (S-HCs) did, physical and biological stabilities of QQ-HCs were analyzed during the MBR operation. QQ-HCs applied to the MBR were 2 cm long, whereas the minimum length of a QQ-HC required for tensile strength measurement was 4 cm. Therefore, instead of measuring the tensile strength of QQ-HCs, unit mass (i.e., wet weight of one medium) was measured for assessment of physical stability. Biological stability was represented by the QQ activity. The unit mass and QQ activity of 10 pieces of each medium were measured at the operation days of 30 and 73 for both MBRs and the values relative to their initial values were plotted.
As shown in Fig. 7 , the unit mass and the QQ activity of used S-HC and D-HC relative to their initial values show drastic discrepancies between the two media. In detail, the unit mass (wet weight) of D-HCs was initially increased to approximately 120% of the initial value, whereas that of SHCs experienced an abrupt fall. The increment in the mass of D-HCs is possibly due to the partial loosening of physical cross-linking between polymer chains, which caused water to fill up the gap. The loss of the medium's mass could be related to the hydrolysis of polymer chains by microbes [36, 37] and reversal and destabilization of ionic cross-linking in the presence of non-gel-including ions such as Mg , citrate, etc. [38] . Since the synthetic wastewater used in this study contains such compounds (Mg 2 + and Na + ), there is a possibility that decomposition of QQ-HCs is affected by the feed composition. The picture of used media in Fig. S4 shows that the physical integrity of SHCs is highly impaired when compared with that of DHCs. This may have downgraded the physical scouring of the membrane by S-HCs to a greater extent, resulting in a reduced biofouling mitigation performance of S-HCs.
Furthermore, the loss of the medium's mass may have exacerbated the loss of QQ activity of S-HCs during MBR operation through leakage of QQ bacteria, as reported by a previous study [20] . Unlike the result from Fig. 4 , the QQ activity of S-HC dropped in the shorter period during the MBR operation. This is likely to be due to decomposition of S-HC by either microorganisms or gel-degrading compounds present in the MBR. In particular, significant loss of QQ activity near the end of MBR operation (Day 73) due to the decline of physical integrity of S-HCs may have led to the accelerated membrane fouling, as shown in Fig. 6 in the MBR with S-HCs.
Practical Reactivation of Dehydrated QQ Media
In practice, reactivation of D-HCs with LB broth may not be feasible due to the additional reagents, equipment, and labor needed to prepare a large volume of LB broth. Hence, it was desired to develop a more economical and convenient way of reactivating D-HCs. Fig. 8 shows the QQ activity of S-HC, and D-HCs reactivated with saline solution (S-D-HC), feed wastewater from a municipal wastewater treatment plant (Korea) (W1-D-HC), and wastewater from a Seoul National University cafeteria (Korea) (W2-D-HC). The COD values for the municipal wastewater treatment plant feed and cafeteria wastewater were 76 ± 1 and 581 ± 4 mg/l, respectively.
The result shows that the wastewater with a low concentration of carbon source yielded a minuscule rise in QQ activity, whereas the wastewater with a high carbon content restored QQ activity close to the initial value. This demonstrates that reactivation of D-HC with wastewater is feasible as long as there are sufficient carbon sources for QQ bacteria. In addition, use of on-site wastewater instead of LB broth or other commercial culture media could be a viable option for reactivating D-HCs in real MBR plants.
In summary, the addition of a dehydration process following the ionic cross-linking of polymeric hydrogel for entrapment of QQ bacteria enhanced the physical properties of the QQ medium. This gave rise to the physical strength and viability of entrapped cells, which led to the enhanced durability and shelf-life of QQ media. Furthermore, the reduced weight of the dehydrated QQ media would not only render its transportation highly economical but also render the handling and application more convenient in practice through reactivation with on-site wastewater. Ten pieces of each medium were used for measurement. Error bar: standard deviation (n = 3 as the technical replicate).
